Autophagy delivers cytosolic components to lysosomes for degradation and is thus essential for cellular homeostasis and to cope with different stressors. As such, autophagy counteracts various human diseases and its reduction leads to aging-like phenotypes. Macroautophagy (MA) can selectively degrade organelles or aggregated proteins, whereas selective degradation of single proteins has only been described for chaperone-mediated autophagy (CMA) and endosomal microautophagy (eMI). These 2 autophagic pathways are specific for proteins containing KFERQ-related targeting motifs. Using a KFERQtagged fluorescent biosensor, we have identified an eMI-like pathway in Drosophila melanogaster. We show that this biosensor localizes to late endosomes and lysosomes upon prolonged starvation in a KFERQ-and Hsc70-4-dependent manner. Furthermore, fly eMI requires endosomal multivesicular body formation mediated by ESCRT complex components. Importantly, induction of Drosophila eMI requires longer starvation than the induction of MA and is independent of the critical MA genes atg5, atg7, and atg12. Furthermore, inhibition of Tor signaling induces eMI in flies under nutrient rich conditions, and, as eMI in Drosophila also requires atg1 and atg13, our data suggest that these genes may have a novel, additional role in regulating eMI in flies. Overall, our data provide the first evidence for a novel, starvationinducible, catabolic process resembling endosomal microautophagy in the Drosophila fat body.
Introduction
Autophagy is an evolutionarily conserved catabolic process that mediates delivery of cytoplasmic components (proteins and organelles) to lysosomes for degradation and recycling. [1] [2] [3] Autophagic turnover is crucial for cell survival, differentiation, development, and energy homeostasis. 1, 2, 4, 5 Autophagy protects cells by clearing damaged organelles and dysfunctional, misfolded or aggregated proteins, and also provides an adaptive response to various cellular stressors including starvation, proteotoxicity, lipotoxicity, and oxidative stress. 1 Not surprisingly, autophagy is increasingly implicated in counteracting various human pathologies including neurodegenerative disorders, infectious diseases, and cancer. 5, 6 Furthermore, genetic experiments show that diminished autophagy accelerates aging-like phenotypes, whereas increased autophagy can extend life span. [7] [8] [9] Three basic forms of autophagy have been identified in mammals: Macroautophagy (MA), microautophagy (MI), and chaperone-mediated autophagy (CMA). 5, [10] [11] [12] During MA, the phagophore, a double-membrane structure, forms de novo and engulfs portions of cytoplasm including proteins and organelles; the phagophore subsequently matures into a closed autophagosome. Initiation of autophagosome formation requires activation of the Atg1-Atg13 and the Vps34-Vps30/Beclin 1 complexes. Elongation of the phagophore is then attained by 2 conjugation steps that depend on the E1-like enzyme Atg7: the formation of an Atg12-Atg5 conjugate 13 and lipidation of orthologs of yeast Atg8, such as the ubiquitin-like protein family MAP1LC3/LC3 (microtubule-associated protein 1 light chain 3). 14, 15 After phagophore closure to form the autophagosome, the sequestered cytosolic contents are degraded upon fusion with lysosomes. Although macroautophagy can be highly selective for the degradation of specific organelles, pathogens and protein aggregates, degradation of soluble cytosolic proteins via macroautophagy occurs predominantly "in bulk." In contrast, CMA selectively degrades cytosolic proteins containing a motif biochemically related to KFERQ. 16 During CMA, the KFERQ-motif of the substrate protein is recognized by the cytosolic chaperone HSPA8 (heat shock protein family A [Hsp70] member 8, the mammalian ortholog of the Drosophila family of Hsc70 proteins), 17 which delivers them to LAMP2A (lysosomal-associated membrane protein 2A), 18 the limiting factor of CMA. Upon unfolding, the substrates translocate across the lysosomal membrane and are degraded. 19, 20 Endosomal microautophagy (eMI) has recently been identified in mammals 21 as a process whereby endosomes engulf cytosolic material through the formation of multivesicular bodies (MVBs) which is then degraded in late endosomes or upon their fusion with lysosomes. Cytosolic proteins degraded through eMI can be sequestered in bulk with other cytosolic components, or, if bearing a KFERQ motif, can be selectively targeted to this autophagy pathway. eMI thus shares molecular components with both the endocytic and the CMA pathways. Based on shRNA-mediated knockdown studies of TSG101 and VPS4, 21 it is demonstrated that eMI relies on the ESCRT (endosomal sorting complexes required for transport) machinery for endosome invagination and also requires HSPA8 for targeting of KFERQ-containing cargo. 21 In contrast to CMA, during which HSPA8 binds LAMP2A on lysosomes, cargo delivery by eMI requires HSPA8 binding to endosomal membrane phosphatidylserines and occurs independent of LAMP2A. 21 A form of microautophagy has also been described in yeast, whereby direct sequestration of cytosolic material occurs by small vesicles that form at the surface of the vacuole. 12 However, yeast microautophagy-specific orthologs have not been identified in mammals. 22 While most autophagy-related (atg) genes involved in MA were originally identified in yeast, 3 the core MA machinery is conserved throughout the animal kingdom. 23 In Drosophila melanogaster, MA occurs in the larval salivary gland, midgut and fat body in a developmentally regulated manner, but can also be induced by starvation or oxidative stress. [24] [25] [26] [27] The 2A splice isoform of LAMP2, the only isoform able to function in CMA, is lacking in genomes other than mammals and birds and, therefore, CMA is predicted to be restricted to those species. 18 Nevertheless, our sequence analysis has revealed the occurrence of KFERQ-like motifs in about 43% of the Drosophila proteome. Using a KFERQ motif fused to photoactivatable mCherry originally developed as a model substrate to study CMA in mammalian cells, 28 we identified and characterized a selective, eMI-like process in vivo in Drosophila that is distinct from MA. When expressed in the fat body, functionally related to the mammalian liver, 29, 30 the biosensor accumulates in puncta in a starvation inducible and KFERQ motif-dependent manner. Significantly, Drosophila eMI is temporally and genetically different from MA, as it requires starvation longer than 12 h. and is independent of atg5, atg7, and atg12. Colocalization studies reveal that the biosensor partially overlaps with late endosomes and accumulates in lysosomes in a process that requires Hsc70-4 and ESCRT components. Interestingly, the requirement of atg1 and atg13, 2 genes responsible for coupling MA to starvation downstream of the Tor pathway, 24, 31, 32 suggest that they may have a novel, analogous function for eMI. Indeed, pharmacological or genetic interference with Tor signaling is sufficient to induce reporter puncta formation under fed conditions. Our findings suggest that eMI is not limited to mammals and that in Drosophila eMI is starvation-inducible.
Results

Starvation induced and KFERQ motif-dependent formation of biosensor puncta
To address the existence of an MA-independent selective autophagy pathway in Drosophila, we developed transgenic flies expressing a photoactivatable (PA) KFERQ-PA-mCherry biosensor under the control of the UAS-Gal4 system, allowing for tissue-specific expression (see Materials and Methods). 33 This sensor consists of the N-terminal 21 amino acids of bovine RNASE1/RNase A including its KFERQ-CMA targeting motif fused to PA-mCherry. This reporter has previously been used as a model substrate to track CMA in mammalian cells upon photoactivation with 405-nm light in pulse-chase types of experiments (Fig. S1A) . 28 In mammalian cells, activation of CMA for example by prolonged starvation induces reporter relocalization from a diffuse, cytoplasmic distribution to puncta that colocalize with lysosomes, but not autophagosomes or endosomes. 28 We expressed the biosensor using cg-Gal4 in the larval fat body, a tissue commonly used to study starvation induced MA 27, 31, [34] [35] [36] [37] and photoactivated living early 3 rd instar larvae (L3). The photoactivated larvae were then transferred either to 20% sucrose (for starvation) or 20% sucrose solution supplemented with heat-killed yeast (as regular, fed diet) for 2, 4, 22 and 25-h. 27 Autophagosomes in the fat body first appear after 1 h of starvation and MA reaches its highest level at approximately 4 h of starvation, when most autophagosomes have fused with lysosomes to form larger puncta. 24, 27 Under fed conditions at all time points tested (Figs. 1A and 1B for 4 h and 25 h, respectively), the reporter was diffusely localized throughout the cytoplasm with discrete puncta rarely detected. Intriguingly, upon starvation, and considerably later than activation of MA, KFERQ-reporter puncta were first detected 21 to 22 h post starvation (hps) and were most prominent at 25 hps ( Fig. 1D for 25 h; enlargement shown in Fig. 1E ; note that several independent transgenic insertions showed equivalent results; quantification of puncta under fed and starved conditions is shown in Fig. 1F ). Importantly, after 4 h of starvation, when MA was shown to be highly active ( 24, 27 and Fig. S2A ), the biosensor was diffuse throughout the cytosol (Fig. 1C) . No fluorescent signal was detected in transgenic larvae without photoactivation (Figs. S1B to B 00 ). These data indicate that biosensor puncta formation is dependent on prolonged starvation. A more extensive time course including 36-h and 48-h starvation showed the total reporter signal decreases after 12 hps with only weak signal remaining at 48 hps (quantified in Fig. S1F ). Consistently, puncta appear around 12 hps and peak at 25 hps (Fig. S1G) . Importantly, quantification of total reporter signal at 4 hps and 25 hps showed that the decrease in signal is significantly faster under starvation conditions than under fed conditions (Fig. 1G) , suggesting that starvation indeed induces reporter degradation.
To confirm that sensor puncta formation (>12-h starvation required) is truly temporally distinct from MA (1-h starvation sufficient for induction) and not simply due to a longer time required for sensor puncta than for autophagosomes to form, we performed refeeding experiments. Larvae that were photoactivated at t = 0 were starved for increasing amounts of time and then refed until analysis 25 h after photoactivation (see schematic in Fig. 1H ), as we hypothesized that we should be able to chase the sensor into puncta upon brief starvation, if it simply took the sensor longer to form puncta. Neither 1 h nor 4 h of starvation are sufficient to detect puncta 25 h after photoactivation (Fig. 1I) . Puncta formation required at least 12-h starvation and again was strongest at 25 hps ( Fig. 1I ; note that no puncta formed under fed conditions), demonstrating that reporter puncta formation is kinetically distinct from MA.
To test whether reporter puncta formation requires the KFERQ-targeting motif, we developed control transgenic lines expressing either PA-mCherry alone or a mutant biosensor with a nonfunctional KFEAA-sequence replacing the KFERQmotif. 38, 39 All sensor line expression levels were comparable (Fig. S1E) . The mutant sensor (Fig. 1J) or PA-mCherry alone (Figs. S1C and S1D) remained diffusely localized in fat body cells and rarely showed puncta after prolonged starvation, indicating that reporter puncta formation depends on a functional KFERQ-motif. Dependence of sensor puncta on both a KFERQ-motif and prolonged starvation and their absence during the peak of MA suggests that the reporter puncta represent a novel selective autophagy pathway in flies.
Biosensor puncta colocalize with lysosomal and late endosomal markers
To characterize the biosensor puncta, we performed colocalization studies with respect to lysosomes, autophagosomes, and various endosome types. Coexpression of the reporter with UAS-GFP-HsLAMP1, a GFP fusion protein with a human LAMP1 fragment that is commonly used to mark late endosomes and lysosomes (hereafter: [endo]lysosomes) in Drosophila, 27, 31, 36, [40] [41] [42] highlighted (endo)lysosomes after 4 h of starvation in the 3 rd instar fat body ( Fig. 2A) . In contrast, the sensor remained diffusely distributed at this time-point ( Fig. 2A  00 ) . However, similar to mammalian cells, 28 sensor puncta largely colocalized with (endo)lysosomes after prolonged starvation (Fig. 2B) . Quantitative analysis revealed that 87% § 4% of the biosensor puncta colocalized with (endo)lysosomes at 25 hps ( Fig. 3K ; 5 fields of view; n D 32 cells, total puncta D 708). Consistent with these results, LysoSensor Green staining to label acidic compartments including late endosomes and lysosomes in photoactivated and starved (25 hps) live L3 fat body also revealed significant overlap with the reporter puncta (Fig. 2C) . Next we characterized the biosensor puncta relative to autophagosomes and endosomes. GFP fused to Atg8a, a Drosophila ortholog of LC3, marks autophagosomes 36 and, as previously reported accumulated in autophagosomes at 4 hps, indicating robust MA, 27 ,36,37 while the biosensor remained diffuse (Fig. 2D ). Upon prolonged starvation, 29% § 12% of reporter puncta colocalized with GFP-Atg8a, likely reflecting lysosomes or late endosomes that had previously fused with autophagosomes ( Fig. 2E ; quantification in Fig. 3K , 10 fields of view, n D 40 cells, 1817 puncta). These data again show that formation of biosensor puncta is temporally distinct from MA activation and that they initiate in different vesicular compartments.
We then performed quantitative colocalization studies of the reporter puncta with respect to early endosomes (GFP2xFYVE, GFP-Rab5), 36, 43 recycling endosomes (GFP-Rab11), 44 and late endosomes (GFP-Rab7). 45 At 4 hps, GFP-2xFYVE ( Fig. 3A) and GFP-Rab5 (Fig. 3B) showed the expected perinuclear puncta, 36 and both GFP-Rab7 ( Fig. 3C ) and GFP-Rab11 ( Fig. 3D ) formed cytoplasmic puncta, which were distinct from the uniformly diffuse localization of the KFERQ-biosensor. At 25 hps, the reporter puncta did not colocalize with the perinuclear early endosomal markers (Figs. 3E and 3F for GFP2xFYVE and GFP-Rab5, respectively; quantified in Fig. 3K for Rab5: 0.8% § 0.8%, 1266 puncta in 40 cells) and showed only minimal overlap with the recycling endosomal marker GFPRab11 (10% § 5%; Fig. 3H ; quantified in Fig. 3K, 10 fields of view, 40 cells, 2071 puncta). In contrast, 31% § 11% of the reporter puncta colocalized with GFP-Rab7 ( Fig. 3G ; quantified in Fig. 3K, 10 fields of view, 40 cells, 1406 puncta), a marker of the late endosomal compartment. Importantly, the lack of colocalization of the biosensor with ubiquitin (Fig. 3I) indicates that the discrete biosensor puncta are not due to aggregation of the fluorescent protein directly in the cytosol.
Formation of biosensor puncta is independent of macroautophagy
Starvation induced MA in 3 rd instar fat body is evident within 1 hps and peaks at 4 hps. 27, 35, 46 Although we found no sensor puncta at 4 hps, a notable overlap between our biosensor and the autophagosomal marker GFP-Atg8a was detected at 25 hps (Figs. 2 and 3K ). To genetically determine if sensor puncta formation requires MA, we assessed the sensor behavior in the absence of MA. The E1-like enzyme Atg7 is required to catalyze Atg8 and Atg12 conjugation during starvation-induced autophagosome formation in the Drosophila fat body. 34, 35 Compared to control, RNAi-mediated knockdown of atg7 at 4 hps prevented formation of GFP-Atg8a-marked autophagosomes (Figs. S2A and S2B), but did not affect sensor puncta formation at 25 hps (Fig. 4A) . To confirm this result, we induced homozygous mutant clones of the strong loss-of-function allele 35 atg7 d4 allowing us to compare mutant alongside wild-type tissue. We found that biosensor puncta formed in atg7 d4 mutant cells (marked by the absence of GFP in Fig. 4B ) upon prolonged starvation. Quantification showed similar numbers of puncta in mutant and wild-type cells (puncta ratio of mutant to wild type D 0.95 §0.1; 37 cells), clearly indicating that this essential MA gene is dispensable for KFERQ-sensor puncta formation. Similarly, knockdown of atg5 and atg12 using RNAi knockdown lines that have previously been established to inhibit MA in the Drosophila fat body or midgut 34, 42 (see also Fig. S2D ) has no effect on KFERQ-sensor puncta formation (Fig. 4C , respectively), clearly demonstrating that sensor puncta formation is not only temporally, but also genetically distinct from MA. 
Drosophila has an endosomal microautophagy-like pathway
In mammals, the cytosolic chaperone HSPA8 contributes to CMA and eMI pathways by binding the KFERQ-targeting motif of substrates, 17 and in the latter case mediating endosomal membrane recruitment. 21 The Drosophila genome encodes 6 Hsc70 paralogs with Hsc70-4 being the most similar to human HSPA8 (87% sequence identity). To determine whether Hsc70-4, in addition to its known function in endocytosis, 47 
are unable to form reporter puncta ( Fig. 5C ; compare mutant cells lacking GFP in 5C 00 with wild-type neighbors), suggesting that, as in mammals, the Drosophila form of a KFERQ motifdependent form of autophagy requires Hsc70-4.
Biochemical 21 The ESCRT machinery consists of 4 sequentially recruited multiprotein complexes (ESCRT 0 to III), which are required for MVB biogenesis, 48, 49 although in the Drosophila eye disc epithelium, MVBs also can form in the absence of ESCRT 0. 50 To determine if we identified an eMI-like process in Drosophila, we tested ESCRT machinery contribution to biosensor puncta formation. We generated homozygous mutant clones in the fat body disrupting Hrs D28 Stam 2L2896 , 50 a core dimer of ESCRT 0 (Fig. 6A, B) , vps28
D2
, an ESCRT I member (Fig. 6C) , 51 vps25 A3 (Fig. 6D) , 52 an ESCRT II component, and vps32
G5
( Fig. 6E) , 51 an ESCRT III complex factor. After prolonged starvation, mutant clones of the ESCRT I, II, and III lacked reporter puncta in a cell autonomous manner, while the surrounding wild-type cells formed puncta (Figs. 6C to E) , illustrating biosensor puncta dependence on the ESCRT machinery. In contrast, we find that, consistent with MVBs being able to form in the absence of Hrs and Stam, 50 ESCRT 0 is not absolutely required for sensor puncta formation, as Hrs Stam double mutations were partially penetrant only and fat bodies contained mutant cells without or with puncta (compare Figs. 6A and 6B). Importantly, we quantified the reporter signal intensity of cells mutant for the ESCRT I component vps28 compared to neighboring wild-type cells and found that, as expected if MVB formation is required for degradation of the reporter, the biosensor was statistically significantly-stabilized in the mutant cells (normalized per cell in Fig. 6F and per area in Fig. 6G ).
Consistent with a MVB-dependent process, we also found a significant colocalization of the sensor puncta with Vps4, an ATPase required for dissociation of the ESCRT machinery upon pinching off of the intralumenal vesicles during MVB formation ( Fig. 3J ; quantified in Fig. 3K: 41 .5% §14.2%; 1130 puncta in 43 cells). 48 To confirm localization of the reporter to MVBs, and demonstrate internalization into their lumen, we performed immuno-EM analysis of fat body cells starved for 25-h using anti-RFP antibodies. Fig. 7A and 7B show that the reporter indeed is found in MVBs, both associated to the membrane but also in the lumen. Additionally and consistent with the colocalization studies presented in Figs. 2 and 3 , we detected reporter signals in the lumen of compartments with features indicative of active degradation and in those containing both small endocytic vesicles and cytosolic cargo, compatible with autolysosomes and amphisomes, respectively ( Fig. 7C  to E) .
Taken together, the KFERQ-motif and starvation dependent reporter puncta thus reflect a Drosophila version of endosomal microautophagy.
Drosophila eMI is controlled by inactivation of Tor signaling
MTOR (mechanistic target of rapamycin [serine/threonine kinase]) signaling represses MA by phosphorylating the ULK1/ Atg1 kinase, thus preventing autophagosome formation (reviewed in refs. 53, 54) . Consequently, in many organisms including Drosophila, 24,27,31 inhibition of Tor by amino acid deprivation (i.e., starvation), mutation, or by using the pharmacological inhibitor rapamycin is sufficient to trigger MA. As Drosophila eMI is dependent on prolonged starvation (Fig. 1) , we wondered whether repression of Tor signaling is involved in its initiation. Rearing photoactivated larvae expressing the eMI reporter in the presence of rapamycin led to a robust induction of puncta under fed conditions (Fig. 8A) , suggesting that Tor signaling under nutrient-rich conditions indeed prevents eMI. Reducing Tor activity by mutating its activator, the small GTPase Rheb (Ras homolog enriched in brain), also induced eMI reporter puncta in a cell autonomous manner under fed conditions (compare mutant cells lacking GFP in Fig. 8B to neighboring wild-type cells). Similarly, overexpression of Tsc1 and Tsc2, a GTPase activating complex for Rheb and thus inhibitor of Tor, is sufficient to promote eMI under fed conditions ( Fig. 8C ; note that larval growth is delayed and cells are considerably smaller). As inhibition of Tor relieves Atg1 inhibition in turn triggering MA, 24, 31 ,32,55 we tested whether Atg1 and its binding partner Atg13 were required for the induction of eMI. Reporter puncta were absent in mutant clones of the atg13 81 null allele 31 (Fig. 8D) . Similarly, fat bodies in which RNAi was used to knockdown atg13 (see Fig. S2C for effectivity) or atg1 56 failed to form reporter puncta upon prolonged starvation (Figs. S2E and 8E; note that [endo]lysosomes appeared normal upon atg1 knockdown). Taken together, our data thus suggest that Drosophila eMI is triggered by inhibition of Tor signaling under nutrient poor conditions and that Atg1-Atg13 may have an additional novel function in mediating eMI activation.
Discussion
Macroautophagy is conserved from yeast to humans, while CMA is presumed to be restricted to mammals and possibly birds, due the absence of an identifiable LAMP2A, a splice isoform of LAMP2 that is limiting and essential for CMA, 18 in phylogenetically earlier species. The extent of conservation of microautophagy, the direct uptake of cytoplasmic components by membrane invaginations forming at the surface of either the vacuole (in yeast) or lysosomes and late endosomes (in mammals) remains elusive. Electron microscopy (EM) studies and in vitro reconstitution assays in yeast suggest that vacuoles can directly engulf or envelop cytoplasm or organelles for degradation (reviewed in ref. 12) . MI also has been postulated to exist in mammalian cells based on EM images with apparent lysosomes engulfing cytoplasmic structures. 12 Recently, imaging and biochemical fractionation experiments in mammalian cells have revealed that late endosomes can selectively take up proteins with KFERQ-targeting motifs in addition to bulk cytoplasm. 21 This process, termed endosomal microautophagy (eMI), requires invagination of endosomes to form MVBs. 21 Using a KFERQ motif-containing biosensor, we found evidence for a selective autophagy process in a nonmammalian species in vivo. In Drosophila upon prolonged starvation, the biosensor localizes to LAMP1-positive compartments in a KFERQ and Hsc70-4 dependent manner, consistent with a CMA or eMI like process. Furthermore, localization to (endo)lysosomes is independent of atg7, atg5, and atg12, critical components of MA, but requires the ESCRT I (vps28), ESCRT II (vps25) and ESCRT III (vps32) complexes involved in formation of MVBs, consistent with eMI in mammals. 21 In mammalian cells depleted of nutrients, induction of CMA peaks well after MA. [57] [58] [59] [60] [61] [62] In our study, the biosensor behaves analogously. In contrast to MA which is induced in the fat body within 1 h of amino-acid deprivation, 27 sensor puncta require starvation of longer than 12 h for induction and around 20 h for robust lysosomal localization. KFERQ-like motifs are relatively frequent with around 35% to 45% of proteins containing one in mammals and 43% in Drosophila melanogaster. Interestingly, in mammals, the KFERQ motif is required for protein targeting to CMA and eMI, but is only sufficient for CMA. 21, 28 In contrast, our data show that in flies and distinct from mammals, the KFERQ motif is necessary and sufficient for biosensor targeting to eMI. The KFERQ motif is bound by the chaperone HSPA8 and is thus required for mammalian eMI and CMA. 17, 19, 21 We find a similar requirement for Hsc70-4, the most closely related Drosophila paralog for localization of the biosensor to lysosomal puncta. Our studies did not show binding of the KFERQ-PA-mCherry to Hsc70-4 in coimmunoprecipitation assays from larval tissue. Although it is possible that there is no direct association between the sensor and Hsc70 in flies, we favor the possibility that the available antibodies are not sensitive or efficient enough to detect such an interaction. A similar dependence on Hsc70-4 recently has been shown for the degradation of KFERQ-motif containing proteins in endosomes at synapses in Drosophila neuronal muscular junctions. 63 Furthermore, during eMI in mammals, HSPA8 mediates transport of cargo to endosomal membranes by binding to endosomal phosphatidylserine. 21 Consistently, it has recently been shown that Hsc70-4 has a membrane-deformation activity in Drosophila that is required for the control of synaptic protein turnover. 63 Although elimination of Hsc70-4 is sufficient to disrupt eMI in Drosophila, we cannot discard the possibility that other Drosophila Hsc70 paralogs may also contribute to this process. In particular, it would be interesting to investigate if all eMI-related functions that are performed by HSPA8, the single mammalian ortholog of the Drosophila Hsc70 family (i.e., substrate binding, targeting to endosomes and internalization into the forming vesicles) are all the task of Drosophila Hsc70-4, or if in flies any of these steps require another paralog.
In contrast to CMA, knockdown studies of the ESCRT I component TSG101 and the late acting VPS4 48, 64 indicate that eMI requires components of the ESCRT machinery essential for the formation of MVBs. 21 Based on our results demonstrating that reporter puncta formation requires several components of the ESCRT machinery (Fig. 6 ) and our finding of the reporter in MVBs in immuno-EM (Fig. 7) , we suggest that we identified and characterized a novel selective eMI-like process in the Drosophila fat body.
Our colocalization analyses revealed a close association of the biosensor with (endo)lysosomes (nearly 90% of the puncta overlap with GFP-HsLAMP1 or LysoSensor Green, a vital dye for acidic compartments), 27, 31, 36, 40 consistent with studies of mammalian CMA for which the reporter originally was developed. 28 In flies, however, the sensor colocalizes more extensively with Atg8a (29%) and late endosomes (29%) compared to less than 10% in mammalian cells, 28 the latter consistent with transition of the sensor through late endosomes enroute to lysosomes. The greater colocalization of the sensor with GFP-Atg8a likely indicates convergence of MA and endocytic compartments in amphisomes 65 (also confirmed by our immuno-EM studies). Overall these findings further support that, in flies, the puncta report eMI instead of CMA.
Despite partial overlap between GFP-Atg8a and the sensor puncta, eMI in flies is independent of the core autophagy components atg7, atg5, and atg12 (Fig. 4) . Although autophagosomes have been described to form in the absence of the E1-like enzyme ATG7 in mouse embryonic fibroblasts 66 and in the Drosophila larval midgut, where Uba1 (ubiquitin-activating enzyme 1) exerts the function of Atg7, 34 Drosophila atg7 mutant fat bodies show dramatically reduced formation of autophagosomes by morphological criteria in EM analyses and completely lack Atg8a (whose mammalian orthologs include LC3) reporter puncta (see refs. 34, 35 and Fig. S2B ). These findings, and the temporally clearly distinct onset of MA during starvation (starting within 1 hps compared to >12 h for our biosensor; Fig. 1I) , 27 strongly suggest that the process we identified in Drosophila is distinct from MA. Furthermore, autophagosomes increase in ESCRT mutant cells 37 in contrast to our sensor puncta that require the ESCRT machinery to form. Additionally, the independence of eMI of atg7, atg5, and atg12 in flies suggests that this process is mechanistically distinct from forms of MI described in yeast, such as piecemeal microautophagy of the nucleus (PMN), which is dependent on ATG genes including ATG7, ATG5, and ATG12 and micropexophagy, which is dependent on ATG7 and ATG5 (ATG12 was not tested). 67, 68 More recently, a Nbr1-mediated vacuolar targeting (NVT) pathway transporting certain hydrolases from the cytoplasm to the vacuole has been described in S. pombe. 69 While rather a transport or biogenic pathway than a degradation pathway, NVT shares genetic and topological similarities with the endosomal microautophagy described in mammals and the one we report here in flies. Uptake of the hydrolases by NVT depends on the ESCRT machinery, but is independent of MA genes including ATG1, ATG5, and ATG13. While it is unknown whether HSPA8/Hsc70 is required for NVT, substrate recognition appears to be mediated by Nbr1 and ubiquitination rather than a KFERQ motif, suggesting different mechanisms for biogenic and catabolic MVB-dependent pathways.
To date very little is known about the regulation of microautophagy. Starvation and refeeding experiments in mice showed that there is no evidence for food deprivation inducing MI; thus, MI is presumed to be a constitutive process in mammals. 70 In contrast, in Drosophila, eMI clearly can be induced by starvation (Fig. 1) . During nutritional starvation, inactivation of Tor kinase leads to activation of the Atg1-Atg13 complex, which then acts as one of the triggers of MA. 24, 31, 32, 71 Analogously, we showed that pharmacological or genetic inhibition of Tor signaling is sufficient to induce reporter puncta formation under nutrient-rich conditions (Fig. 8) . Intriguingly and unknown for mammals, Drosophila eMI also depends on atg13 and atg1, suggesting that that Tor inhibition may activate Atg1 and Atg13 during eMI. Atg1 and Atg13 may thus have an additional, late function in Drosophila to initiate eMI in addition to triggering autophagosome formation. If so, future experiments will have to address the mechanistic basis of eMI activation compared to MA.
The different requirements for starvation on the induction of MI in mammals and flies may be due to differences in the cell types assessed. However, it is equally tempting to speculate that Drosophila eMI is an older form of selective autophagy that fulfills functions that in mammals are shared between eMI (likely the constitutive form) and CMA (the starvation-induced variant). Identification of eMI in a genetically tractable model organism allows future studies to address how starvation triggers eMI in flies and to identify novel components required for this process.
Materials and methods
Fly strains and genetics r4-Gal4, fb-Gal4, cg-Gal4, yw hsflp;UAS-GFP-ATG8a, 36 UAS-GFP-2xFYVE, 36 hsflp; cg-Gal4 FRT42D UAS-GFPnls, hsflp; r4-Gal4 FRT82B UAS-GFPnls, FRT42 atg7 d4 , 35 and FRT82B atg13 81 /TM6B were kind gifts of Dr. T. Neufeld (University of Minnesota).
31 UAS-GFP-Rab5/CyO, and UAS-Rab7-GFP/CyO were gifts of Dr. M. Gonzalez Gaitan (University of Geneva, Switzerland).
43,45 FRT82 Hsc70-4 D16 is a null allele or strong hypomorph 72 and was a kind gift or Dr. Henry Chang (Purdue University). UAS-Rab11-GFP, and UAS-GFP-HsLAMP1/CyO; Sb-boss1/TM6B were gifts of Drs. G. Davis (UCSF, CA, USA) and T. E. Rusten (Oslo University Hospital, Norway), respectively, 27, 40 and
A3 /CyO twist-Gal4-UAS-GFP and FRT42D vps32 (aka shrub) G5 /CyO twist-Gal4-UAS-GFP were gifts from T. Vaccari (IFOM-IEO Campus, Italy). 51, 52 UAS-Tsc1-tsc2 (aka gigas), and FRT82 Rheb 7A1 were a kind gift of Dr. H. Stocker (ETH, Switzerland). 73 Additional strains are described in FlyBase. VDRC-16133 (atg1), VDRC-45558 (atg7), VDRC-27956 (atg13), VDRC-50222 and VDRC-101734 (Hsc70-4) were from the VDRC collection. 74 TRiP-JF02703 (atg5; BL-27551), TRiP-JF02704 (atg12; BL-27552), TRiP-HMS01153 (atg12; BL-34675) lines were obtained from the Bloomington stock center. 75 UAS-HA-Vps4/CyO was a kind gift of Dr. J. Treisman (NYU, NY, USA) and rescues a vps4 loss-of-function mutation (J. Treisman, personal communication). 76 The GFP-marked mutant clones were generated by FLP/ FRT mitotic recombination using hsFLP. 77 Embryos were collected after 6 to 8 h of egg-laying, followed by 1.5-h heat shock treatment at 37 C. For comparison of reporter puncta in wildtype cells and atg7 mutant clones, 7 fields of view and a total 37 cells were analyzed.
Plasmids and transgenic flies pPA_KFEAA_mCherry was made by replacing the NheI/ BamHI fragment of pPA_KFERQ_mCherry 28 with annealed oligonucleotides KFEAAmutUpper (CTAGCGCCACCATGAAG-GAAACTGCAGCAGCCAAGTTTGAGGCGGCGCACATGGA CTCCAGCACTTCCGCTGCG) and KFEAAmutLower (GATCC GCAGCGGAAGTGCTGGAGTCCATGTGCGCCGCCTCAAA CTTGGCTGCTGCAGTTTCCTTCATGGTGGCG). pUAST_K-FERQ_PAmCherry and pUAST_KFEAA_PAmCherry were made by cloning the NheI (blunt)/NotI fragments of pPA_KFERQ_m-Cherry and pPA_KFEAA_mCherry, respectively, into the EcoRI (blunt)/NotI sites of pUAST. pUAST_PAmCherryN1 was made by cloning the NheI(blunt)/BglII fragment of pPA_mCherryN1 into the EcoRI(blunt)/BglII site of pUAST.
Embryo injections were performed by Rainbow Transgenic Flies (Camarillo, CA, USA) and balanced using standard procedures.
Western analysis
For western analysis, 20 3 rd instar larvae were washed twice in phosphate-buffered saline (PBS; Corning Cellgro, 55-031-PC) and lysed in 250 ml RIPA buffer (20 with a motorized pestle. After centrifugation for 10 min at 10,000 g at 4 C, 200 ml of the supernatant fraction was transferred to fresh tubes. Protein concentration was determined using a Lowry assay 78 and 100 mg protein were loaded on a 12% SDS PAGE gel and processed for western analysis using standard procedures. 79 Rabbit anti-RFP 80 was used at 1:10,000 (a kind gift of Dr. E. Snapp, Albert Einstein College of Medicine, Bronx, NY, USA).
Photoactivation of sensor in larvae
Ten to 12 virgins (e.g. UAS-KFERQ-PA-mCherry; cgGal4/ S:T) were mated to 10 appropriate males for 1 d using standard Drosophila culture conditions. After 4 d, 40 to 60 late 2 nd instar and early 3 rd instar larvae were separated from food and washed twice with H 2 O. Larvae were transferred to a 35-mm culture dish containing 800 ml Graces insect medium (Invitrogen, 11605-094) with 10% heat-inactivated fetal bovine serum (Atlanta Biochemicals, S11050). The PA-cherry sensor was photoactivated by exposure to a 405-nm light source for 11 min (at 2.8 A, approximately 60 mW/cm 2 ; see also ref. 28 .) Immediately after photoactivation, larvae were washed 3 times with H 2 O and transferred to 35-mm dishes with small filter papers soaked in 20% sucrose (Fisher, BP220-1) solution (for starvation) or 20% sucrose solution with heat killed yeast paste (Lab Scientific, Fly-8040-10; fed conditions). 27 Larvae were kept in the dark and checked for dead larvae (which were removed) after a few hours. Generally, surviving larvae developed to morphologically normal adults.
After the desired time, larvae were washed twice in H 2 O, cut open and turned inside out for fixation in freshly made 4% paraformaldehyde in 1xPBS for 1 h at room temperature or overnight at 4 C. The larvae were then washed 3 times for 15 min and transferred to a microscope slide in a drop of mounting medium (DAPI fluoromount-G; Southern Biotech, 0100-20) and nonfat body tissue was removed. Fat bodies were imaged using a 63x 1.4 NA oil objective on either a Zeiss Axiovision epifluorescence microscope (Zeiss AxioVs40 V 4.8.2.0, Carl-Zeiss, Oberkochen, Germany), an ApoTome.2 system (Carl-Zeiss, Oberkochen, Germany) using an Axiovert 200 (Carl-Zeiss, Oberkochen, Germany), or a Leica SP2-AOBS point laser scanning confocal microscope (Leica, Buffalo Grove, IL USA).
To inhibit Tor signaling, larvae were treated with 2 mM rapamycin (Calboichem, 553210) in 20% sucrose with heat killed yeast. 31 Immunohistochemistry, reporter quantification, and colocalization analysis Larvae were washed thoroughly in water, cut open and turned inside out to fix the carcass in freshly made 4% paraformaldehyde in 1xPBS for 1 h at room temperature or overnight at 4 C. Immunohistochemistry was performed following a standard protocol. 81 Primary antibodies used were mouse antiubiquitin (Cell Signaling Technology, P4D1; 1:300), rat anti-RFP (Chromotek, 5F8; 1:300), rat anti-HA (Roche 3F10, 12158167001; 1:250), and rabbit anti-RFP 80 ) were used at 1:300. For LysoSensor Green staining, fat bodies from appropriate larvae were dissected in PBS and incubated in 100 mM LysoSensor Green (Molecular Probes, DND-189) for 2 min. The stained fat body lobes were then immediately mounted in 60% glycerol-PBS and imaged.
Reporter signals were quantified from images taken under identical conditions using Fiji/ImageJ software (NIH). Briefly, the channels were split, separately thresholded for total signal and for puncta and the integrated Density (ID) was measured. As most of the signal is cytosolic, we either report total signal or puncta only. For single cell analyses, cells were outlined, the outside cleared, and the area measured. The image was then split into channels and the ID determined as above. Quantification for the colocalization analysis was performed using Fiji/ ImageJ software (NIH) using individual frames after adjusting thresholds. The total number of green and red puncta were calculated with the 'Particle Analyzer' and 'Green and red puncta colocalization' (D. J. Swiwarski modified by R. K. Dagda) plugins in Macros (Fiji/ImageJ). Colocalization (%) was calculated using JACoP plugin of Fiji/ImageJ using the merged images in each case. The results were expressed as mean values § STDV. Statistical analyses (One-way ANOVA with the Tukey post hoc test) were performed using Prism 6.
Transmission electron microscopy and immunogold labeling
Larvae were starved for 25-h (without photoactivation) and fat bodies were dissected and fixed in 1% glutaraldehyde and 4% paraformaldehyde in 0.1 M sodium cacodylate buffer, pH 7.4 at RT for 1 h. The fat pellet was then rinsed in sodium cacodylate buffer and postfixed to fix lipids in 1% aqueous osmium tetroxide, dehydrated through a graded series of ethanol, and embedded in LR White resin (Electron Microscopy Sciences, 14382). Ultrathin sections were cut on a Leica Ultracut 6 (Buffalo Grove, IL USA) and mounted on 200-mesh nickel grids. Immunogold labeling was performed using antigen-retrieval using sodium metaperiodate followed by washing in 50 mM glycine in PBS, blocking, and labeling with rabbit anti-RFP (1:500) 80 for 2 h. Samples were then washed extensively and incubated with the gold-conjugated secondary antibody (1:100; Electron Microscopy Sciences, 25109) for 2 h. After extensive washing, the grids were fixed a second time for 15 min in 2% glutaraldehyde, washed and negatively stained with 1% uranyl acetate for 15 min. All grids were viewed on a Joel 1200EX transmission electron microscope at 80 kV (Peabody, MA, USA). 
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